The thermal-stress resistance and fracture strength behaviour of two oxide ceramics (a hot-pressed pure AI203 and a composite ceramic NTK-HC2) subjected to severe thermal shocks have been investigated. The damage resistance parameter (Kic/of)2 for both ceramics is also determined for a wide range of temperatures (25 ~ to 800 ~ C) and cross-head rates (10 -2 cm min -1 ~ 2.5 m sec -1 ). Fracture strength behaviour of these two oxide ceramics is shown to follow Hasselman's model where the instantaneous strength loss at the critical quenching temperature may be calculated using appropriate (Kin~of) 2 values to give good agreement with experimental results. Repeated shocks show some further degradation in the retained strength for both ceramics so that these materials are susceptible to thermal fatigue. It is found that both materials possess similar resistance to crack initiation (i.e. similar ATc and retained strength after shocking through ATc ) but the pure oxide ceramic has higher resistance to crack propagation.
Introduction
Although thermal shock induced fractures in both carbide and ceramic tools during cutting operations are not uncommon, they have, however, received relatively little attention in the past. Recent work [1] [2] [3] has shown that the effects of thermal shock on the fracture strength behaviour of some typical tool carbides (e.g. tungsten carbide and titanium carbide) can be described by the Hasselman model [4] , so that at their respective critical temperatures, strength discontinuities are observed in the retained strength versus quenching temperature plots. Two thermal stress resistance parameters have been introduced [1, 4] to characterize the resistances to crack initiation and crack propagation. These are, respectively, (kof/Eo 0 and (KIc/Oe) 2, where k is the thermal conductivity; oe, transverse rupture strength; E, Young's modulus; a, linear coefficient of thermal expansion; and, Kzc , the fracture toughness.
In the present investigation, which is a continuation of previous work reported in [1] [2] [3] , the fracture strength behaviour and thermal stress resistance of two "candidate" oxide ceramic tools used in high speed cutting operations are studied and compared. Since the damage resistance parameter (Krc/Of):, which is useful for correlating crack propagation resistance and strength loss after the critical shocking temperature, may be both temperature and rate dependent . [1, 4] , the effects of temperature (25 to 800 ~ and loading rate (10 -2 cmmin -1 to 2.5msec -1) on the fracture toughness (Kxc) and transverse rupture strength (of) are, therefore, separately determined. Residual strength experiments after thermal shocks at various temperatures are also conducted for these two oxide ceramics and their residual strength behaviour analysed using the previously determined (Kic/Of): parameters.
Materials
The two oxide ceramics chosen for the present study are a pure hot-pressed alumina (with additives of oxides of titanium and magnesium) and a composite alumina* (with titanium carbide). Some typical physical and mechanical properties of these oxide ceramics are given in Table I .
Experimental procedures

Temperaturedependent strength measurements
Three-point bend specimens of dimensions 0.25 in. x 0.20in. x 1.25 (1.00)in. were prepared (by the respective manufacturers) and broken in an Instron testing machine at a cross-head-rate of 0.10 cm min -1 . The span was fixed at 1 in. Values of tensile strength were obtained at temperatures ranging from 25 to 800 ~ C.
After-shock residual strength measurements
Three-point bend specimens with sizes same as those described above were shocked through different temperatures within the range of 200 to 800 ~ C by first heating in an electric furnace to the required temperature and then quenching in water at about 28 ~ C. The shocked specimens were then dried and broken at room temperature in three point bending, at a cross-head rate of 0.05cm rain -1 . Some experiments were also performed to investigate the effects of repeated shocks on the residual strength (On) of the shocked ceramics.
Toughness determination
Fracture toughness values for both oxide ceramics were determined using bend specimens as those described in Sections 3.1 and 32. Elliptical surface cracks were introduced to the testpieces by surface indentation using a Knoop diamond indenter. This gave very consistent precrack sizes with 1.0 to 1.5 mm length (2a) and ~0~8 mm depth (b). The fracture toughness (Kit) under three-point bend cracking was determined using the same equation as reported in [1] and [3] . where X is the fracture load, L the length of span, B and W are specimen thickness and depth respectively. The fracture toughness of these ceramics was also obtained as a function of temperature (25 to 800 ~ C) and loading rate (0.05 to 50 cm min -l).
Results and discussion
4.1. Thermal shock, temperature and loading rate effects on transverse rupture strength (of)
Figs. 1 and 2 show the retained room temperature strength versus shocking temperature interval results for the pure hot-pressed alumina and .the composite ceramic NTK-HC2 respectively. Obviously, both oxide ceramics follow the Hasselman model and show distinct strength discontinuities with considerable strength loss at their respective critical quenching temperatures (Te). It has been shown [5, 6] that the critical temperature difference is given by 
where Tw is tile water bath temperature and/3 is the Biot modulus (= ah/k), a is the half thickness of the test sample, k the thermal conductivity and h the heat transfer coefficient. Assuming for a water quench, h ~ 1 cgs unit, ah/k for the hot-pressed alumina and NTK-HC2 are roughly 3.16 and 2.00 respectively. Thus, using Equations 1 and 2 and with at, E, a values from Table I, A necessary condition for the catastrophic cracking and hence the discontinuity in the retained strength behaviour according to the Hasselman theory is that initial cracks must not have effective crack lengths (ro) greater than approximately l mm 141. The effective crack lengths estimated from an expression derived for fracture in a penny-shaped crack by Sack [7] are 0.08mm for the hot-pressed A1203 and 0.04ram for the composite ceramic NTK-HC2. Clearly, these values are much smaller than the limiting value specified by Hasselman and thus explains the catastrophic spreading and arrest behaviour of (cm rain -1 ) Figure 4 . Figures 3 and 4 Dependence of bend strength (of) on cross-head rate (tJ) for hot-pressed AI 203 (Fig. 3) and NTK-HC2 (Fig. 4) .
these oxide ceramics at their respective ATe.
Figs. 3 and 4 show the transverse rupture strength of results for the hot-pressed AlzO3 and NTK-HC2 respectively over the range of cross-head rates available in an Instron testing machine (i.e. 10 -2 to 50cmmin -~). Apparently of for both materials is independent of loading rates. Further experiments conducted at General Motors Technical Center using instrumented impact tests show that over the impact velocity range of 0.75 to 2.5 m sec -1, the bend strengths of the oxide ceramics likewisely do not exhibit any loading rate dependence. In broadest terms, it may be said that of ~ 75 • 103psi for the hot-pressed AI203 and 100 x 103 psi for the composite ceramic NTK-HC2 for these loading rates.
Three-point bend strengths of these two oxide ceramics within the temperature range of 25 to 800~ are shown in Figs. 5 and 6. Within experimental scatter, it appears that of is independent of the\ range of temperature under investigation.
Fracture toughness results
The fracture toughness (K1c) results for the hotpressed A1203 and NTK-HC2 in the loading rate range of 10 -2 to 50cmmin -j are shown in Figs. 7 and 8. These results are obtained from fracture experiments using surface indentation pre-cracked 
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Figures 5 and 6 Temperature dependence of bend strength for hot-pressed A1203 (Fig. 5 ) and NTK-HC2 (Fig. 6 ). 
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Figures 9 and 10 Temperature dependence of KIC for hot-pressed alumina (Fig. 9 ) and NTK-HC2 (Fig. 10) .
testpieces. There is a scatter of about _+ 12% of the mean value for the hot-pressed AIzO 3 and -+ 6% for the NTK-HC2 composite ceramic. Roughly speaking, both materials have an average Kic values of about 4MNm -3/2 (or 4 • 103 psiin. 1/2) which is rather independent of the range of crosshead rates shown. (Note that for 10 -2 <ti < 101 cmmin -~, NTK-HC2 and A]203 both appear to show a tendency of increasing Kic with cross-head rate).
Figs. 9 and 10 show the temperature dependence of Kic results for the oxide ceramics in the temperature range of 25 to 800 ~ C. Within experimental scatter, it may be concluded that Kic for both materials remains rather constant at 4MNm -3/2. In a previous investigation [3] , we have reported increases of Kic at and above 800~ for two tool carbides* (i.e. titanium carbide and tungsten carbide). However, this toughness strengthening effect (at high temperatures) does not seem to exist for these two oxide ceramics. It may further be noted that since both Kic and as are in the broadest terms independent of temperature and cross-head rate (i.e. within the range of the present investigation), the damage resistance parameters (Kic/OO 2 are, therefore, constant in magnitude. These are respectively 16~26x 10 -4 and 30~60x 10-4in. for the composite NTK-HC2 and hot-pressed pure A1203, respectively. The constancy of (Kic/Of) 2 of these two oxide ceramics, being independent of both temperature and rate, should be contrasted with those carbide tools (which have a rate dependent (Kic/Of) 2 parameter) and turbine ceramics (which exhibit a temperature dependent (Kic/Of) z term) studied in previous investigations [1] .
The specific fracture resistance (R)of the oxide ceramics was also determined from the work of fracture method [8] . Briefly, the thermally shocked three-point bend specimens were broken and the total fracture work estimated from the areas under the load-deflection diagrams, and by measuring the fractured areas (this estimation was complicated by the fact that the shocked samples had many minute thermal-shock induced cracks) of the broken testpieces, R could be easily calculated. Fig. 11 shows these R-results for the oxide ceramics. As expected, the specific fracture resistance is independent of the quenching temperature. In broadest terms, R for the hot-pressed pure A1203 is about 80Jm -2 and that of NTK-HC2 is roughly 100J m -2 . The room temperature R-values shown at the extreme left of the figure were not determined from the work of fracture method but rather were estimated from the corresponding Kic results (i.e. Figs. 7 and 8 ) through a conversion equation where R = K~c(1 --u2)/E. They are, in general, somewhat lower than the other R-values (i.e. 60 and 80 Jm -2 as opposed to 80 and 100Jm -2, respectively, for A1203 and NTK-HC2 .) * This.fact has been explained [3] in terms of the relaxation of tensile residual stresses around the crack tip region (as a consequence of the hardness indentation) which otherwise have aided in causing crack propagation. It is apparent from Figs. 1 and 2 that the retained strength (%) for a given shock temperature depends somewhat on the number of shocks. This decreases slightly with increasing thermal shock cycles, which possibly indicates a further degradation effect (i.e. further enlargement of sub-critical cracks) due to thermal fatigue in these two oxide ceramic~
Comparison of thermal-stress resistance
The thermal shock resistance of these two oxide ceramics may be compared using one of the following three methods: (1)traditional thermal shock stress evaluation [I, 3] , (2) critical quenching temperature (Te) at which thermal cracks initiate and (3) the percentage strength retained after shocking through 2xTc.
final failure of specimens were recorded. Table 1I shows the experimental results for these two ceramics. Apparently, these results can be correlated with the parameters (kef/Ee 0 and (Kic/O~) 2 for crack initiation and final fracture respectively. Based on crack initiation, since both materials have more or less the same (kodEc 0 values, it is difficult to say which is better. The experimental results suggest that after the first thermal cycle at 250 ~ C, many cracks have been developed in the hot-pressed A1203. This only happens with NTK-HC2 after the second thermal cycle. Based on resistance to crack propagation until final failure, the results show that the hot-pressed pure A1203 is better than NTK-HC2. This observation is in agreement with the larger (Kit~of) 2 value for the pure A1203. It is rather difficult to assess the relative merits (to crack initiation) of these two materials using methods 2 and 3 since they both have approximately the same critical quenching temperature (To ~ 200 ~ C) and retained bend strength (18 to 20 x 103 psi).
The first method has been described in detail in [l] . Briefly, three-point bend specimens (or rectangular tool inserts) were subjected to thermal cycles with increasing shock severity intervals. The number of cycles to cause surface cracks and * Since N/V is not directly measurable, it is estimated from the surface crack density (Ns) , where N/V ~-N2/2 .
Conclusions
The damage resistance parameter (Kxc/Or) 2 for both the hot-pressed 'alumina and the composite ceramic (NTK-HC2) has been determined and found to be independent of loading rates (0.05 cmmin -1 to 2.5 msec -1) and temperature (25 to 800 ~ C). The fracture strength behaviour after severe thermal shocks may be explained in terms of Hasselman's model, so that the instantaneous strength loss at their respective critical quenching temperature may be calculated using these (Kic/O~) 2 values.
Within experimental error, both oxide ceramics have roughly the same critical quenching temperature and retained strength so that their resistance to crack initiation is roughly the same. However, the hot-pressed pure A1203 is found to have slightly better resistance to crack propagation than the composite ceramic NTK-HC2 (because of its bigger (Kic/Or) 2 value). In this respect, it appears that the pure oxide ceramic is better in cutting services where thermal shock effects are significant.
